We follow up on our systematic study of axisymmetric hydrodynamic simulations of protoplanetary nebula. The aim of this work is to generate the atomic analogues of the H 2 near-infrared models of Paper I with the ZEUS code modified to include molecular and atomic cooling routines. We investigate stages associated with strong [Fe II] 1.64 µm and [S II] 6716Å forbidden lines, the [O I] 6300Å airglow line, and Hα 6563Å emission. We simulate (80 ∼ 200 km s −1 ) dense (∼ 10 5 cm −3 ) outflows expanding into a stationary ambient medium. In the case of an atomic wind interacting with an atomic medium, a decelerating advancing turbulent shell thickens with time. This contrasts with all other cases where a shell fragments into a multitude of cometary-shaped protrusions with weak oblique shocks as the main source of gas excitation. We find that the atomic wind-ambient simulation leads to considerably higher excitation, stronger peak and integrated atomic emission as the nebula expands. The weaker emission when one component is molecular is due to the shell fragmentation into fingers so that the shock surface area is increased and oblique shocks are prevalent. Position-velocity diagrams indicate that the atomic-wind model may be most easy to distinguish with more emission at higher radial velocities. With post-AGB winds and shells often highly obscured and the multitude of configurations that are observed, this study suggests and motivates selection criteria for new surveys.
INTRODUCTION
Protoplanetary nebulae (PPN) occur in a passage of time between the asymptotic giant branch (AGB) phase and the planetary nebula (PN) phase. The transformation lasts a few thousand years at most and the PPN is largely obscured until a combination of expansion and dust expulsion brings it into view. In this time, a usually quite spherical shape of the post-AGB envelope may distort into a dynamic display of winds, bullets and jets, creating rings, ellipses, butterflies and funnels, as summarised by Fang et al. (2018b) . Highresolution images investigated by Corradi & Schwarz (1995) show ∼ 64% of outflows arrive at the PN stage as elliptical. However the shape statistics is still one of the most debated topics which is confused by several factors including projection effects.
The envelope ejection and shock interaction with the ambient medium can be studied with wider implications concerning how understand molecules and dust mix with and replenish the interstellar medium. Simultaneously, we can search for clues as to the nature of the rapidly evolving stars or stellar systems (Hrivnak et al. 2017 ) which may end up driving such immaculate nebulae.
In Paper I (Novikov & Smith 2018) we began a systematic E-mail: i-novikov@hotmail.com † E-mail: M.D.Smith@kent.ac.uk study of this transition phase via numerical simulations of molecular and atomic interactions. These are performed with molecular cooling and chemistry which turns out to be crucial to the resulting shell structure. In general, PPN are best observed in the nearinfrared due to the domination of emission from radiative shocks, the dust obscuration and the absence of strong photoionisation since the star has not turned on the ultraviolet switch (Davis et al. 2005) . We therefore focussed on the near-infrared molecular hydrogen lines in Paper I.
Our first purpose here is to explore the atomic emission line properties in the optical and near-infrared to search for potential diagnostics. We will then also investigate the context of these chemistry/cooling simulations with previous PN simulations and so generate a complete picture of post-AGB dynamics. However, crucial limitations still remain and need to be relaxed in future research. For example, the simulations are at this stage taken to be cylindrically symmetric, a necessity for us to achieve the resolution of the critical cooling zone in the interaction region.
In Paper I we followed the fraction of molecules dissociated and the fraction excited collisionally. We identified a variety of near-infrared emission stages generated from fully molecular and atomic media. The molecular line ratio maps were used as diagnostics to differentiate between wind and envelope environments. Position-velocity diagrams completed the picture with line widths, geometry and orientation discussed. This second work applies atomic tracers within the same programme of simulations. The aim of this second work is to computationally investigate whether the high velocity post-AGB winds are also capable of producing [Fe II] and metastable [O I] emission lines within the same collisionally-excited scenario.
METHOD

The code
The Eulerian astrophysical gas dynamics code ZEUS (Stone & Norman 1992 ) is extended to include molecular and atomic cooling functions. Modelling electron transitions in atoms and molecules is computationally expensive. Therefore, atomic cooling is represented macroscopically by simple functions of temperature, ion and free electron abundance. The modelled axisymmetric outflows were calculated on a 2-D grid, and expressed in terms of cylindrical geometry. As a result, 2-D grid values are translated onto a cylindrical grid creating a 'pseudo-3-D' projection with the line of sight as a user variable.
Scaling
This work models the same hydrodynamical set up and scaling, as described in Paper I with a wind profile expanding into a stationary uniform ambient medium. We model an optically thin ambient medium with no absorption. The purely molecular wind and ambient simulation will be ignored here since little atomic emission was generated. The resultant number of models drops from the previous 36 to 27 (three speeds, three wind ellipticities and the three atomic/molecular, molecular/atomic and atomic/atomic combinations).
We introduce a conserved quantity of hydrogen nucleon density in the wind as nw = ρw/1.4mp (with 10% helium abundance n(He) = 0.1nw), set on a grid with relatively large injection radius of Rw = 0.01 pc chosen to resolve the input sphere surface corresponding to the inner radius of the circumstellar envelope (CSE) (Gledhill 2005) . Grid dimensions and scales are kept the same as in Paper I with a mass outflow rate set to 10 −4 M yr −1 , and employed to determine the initial set of macroscopic parameters listed in Table 1 . The relation between the number of hydrogen atoms, molecules and total number of nucleons is
The outflows vary in wind ellipticity through anisotropic velocity profile with planeaxis aspect ratios of 1:1 spherical, 2:1 and 4:1 with axial speed ranging from vw∼ 80 − 200 km s −1 winds.
The computational grid is configured to match the ellipticity ratio, with main simulation set to 2:1 and 4:1, splitting the fixed grid into 3, 200 × 1, 600 and 6, 400 × 1, 600 zones respectively with grid zone size of ∼ 10 14 cm. Atomic shocks get heated to 10 5 K, at shock velocities of ∼ 30 − 40 km s −1 , after which atomic cooling is dominant in high density thick shock front of ∼ 10 6 cm −3 and cooling rates of Λ ∼ 10 −13 erg s −1 cm −3 (Smith & Rosen 2003) . The above metric constitutes to a characteristic cooling time of t col = nkT/Λ ∼ 10 8 s and cooling length of ∼ 10 14 cm, same as the grid zone size and proves suitable for resolving emission in the shocked gas region. Within the post-shock zone, the cooling rate is proportional to wind density squared, resulting in r col ∼ 10 −15 erg s −1 cm −3 , higher cooling time by a factor of 10 and a subsequent cooling length of ∼ 10 15 cm. Therefore, the chosen computational domain proves to be suitable for entire shock resolution. The axial vz = (z/Rw)vw and plane vr = (r/Rw)vw speed components at (z, r) of inner spherical injection surface also matches the ellipticity ratio with parameter equal to 1, 0.5 or 0.25. Thus the speed on the surface is fixed by vz = vwcosθ and vr = vwsinθ where θ is the polar angle.
Elemental abundances are constant and, for simplicity, we take as typical of interstellar material although strong depletions are found as elements such as iron are tied up in grains (Otsuka 2015) . The estimated emissivities can be scaled. The ZEUS code does not separately track the abundance of ions. Instead, it is estimated as an abundance ratio with respect to H, tabulated in Table 1 . A free electron abundance is set to 0.1 for simplicity.
Assuming stationary ambient medium, the velocity of the forward shock in terms of density ratio η = ρ w(r) /ρa and wind velocity, is worked out through ram-pressure balance. The input wind follows an inverse square density profile
With stationary and uniform ambient medium, we have thus chosen
The chosen ambient density value creates favourable conditions for propagating forward and backwards shocks to vary in strength, as the wind expands over the defined domain. This set-up enables the reverse shock to become dominant after passing through a set distance of r = 5Rw at the which the wind/ambient density is equated for all ellipticity cases. Factor 4 in Eq.
(3) is chosen to slow down the advancing working surface to ∼ 1 /3 vw for maximum reverse shock generation at r = Rppn and η w(r) = 0.25 in case of a 1:1 spherical outflow. Therefore, the introduced winds with particle densities of above ∼ 10 4 cm −3 are highly overdense with respect to the ambient medium with ∼ 10 2 cm −3 , resulting in an initial mass density ratio of ηo = ρw /ρa ∼ 25 at injection radius and an initial ballistic expansion with advancing shock of ∼ 5 /6 vw for all ellipticity cases. For non-spherical higher ellipticity outflows, the wind's working surface expierences a longer simulation time t lim due to Rppn = 20Rw for 2:1 and Rppn = 40Rw for 4:1 winds, setting the final working surface velocity to ∼ 1 /5 vw and ∼ 1 /9 vw respectively.
The temperature of the ambient medium is set to cold 20 K, and the input temperature of the wind is 500 K, resulting in ram-driven wind being over-pressured with respect to the ambient medium by a factor κ0 ∼ 10 3 . We do not hydrodynamicaly involve interaction of He O, S and Fe atoms, and take 10% helium abundance for determining specific heat ratio γ = 5 3 and γ = 10 7 of atomic and molecular media respectively. The relative abundance of other atomic species shown in Table 1 is used in emission routines to determine the line flux, without having the atoms physically present on the computational grid.
Magnetic Fields
Magnetic fields and their dynamical role are not considered in this research although PPNs investigated in CO by Bujarrabal et al. (2001) show objects with outflow momentum excess of ∼ 10 3 between the momentum observed and values that can be attributed to stellar radiation pressure, providing indirect support for a driving mechanism different from the radiatively driven winds described by the generalized interacting Stellar Winds (GISW) model. Millimetre CO lines observations by from a group of binary post-AGB stars also reveal excess in near-infrared emission emanating from hot dust in compact possibly rotating disks Bujarrabal et al. (2013) . The presence of disks and jet-like flows is also similar to the environments existent in young stellar objects (YSOs) with jets driving molecular outflows. The launching mechanism for YSO outflows are extensively studied and is believed to be magnetically driven (Dennis et al. 2009 ) (and references therein). This leads to speculation that PN and PPN outflows with similar environments to YSOs are launched with magnetohydrodynamical (MHD) processes. Additionally point-symmetric flows produced by precession also suggest an MHD driver for PPN outflows (Dennis et al. 2008 ) since magnetically driven models couple rotation to a magnetic field, therefore enabling jets to be bound to the rotational axis of the central star.
Here, we assume that the wind expansion has reduced the launched magnetic flux, pressure and tension to low dynamic levels on the scales we simulate. However, there may well be an influence on the shock behaviour including cushioning through ambipolar diffusion, associated with the shell compression.
ATOMIC EMISSION FORMULAE
The total emission element dL by recombination within a volume element dV is
Thus, the emissivity of atomic elements is dependent on the number densities of free electrons ne and ions nion (here in units of cm −3 ), the temperature dependent production rate coefficients for recombination and spontaneous de-excitation, c ion (T), in units of cm 3 s −1 as presented in Fig. 2 , and the emitted photon energy of corresponding wavelength in erg. The emission rate is then given by
where λ is a photon emissivity of corresponding ion wavelength
Given that we know the temperature of the medium and the number densities, we can calculate the emissivity. All four line emission (Reynolds 1989 ) a , (Smith 1994 ) b , (Arnaud & Rothenflug 1985) c .
Property Atomic Molecular
Wind: wind density, ρw(gm/cm 3 ) 3.76 × 10 −20 3.76 × 10 −20 wind internal energy, ew(erg/cm 3 ) 1.83 × 10 −09 1.55 × 10 −09 molecular fraction, n(H 2 )/n 0 0.5 specific heat ratio, γ 1.66667 1.42857 temperature, Tw(K) 500 500
Ambient medium: density, ρa(gm/cm 3 ) 1.51 × 10 −21 1.51 × 10 −21 int. energy, ea(erg/cm 3 ) 2.92 × 10 −12 2.48 × 10 −12 temperature, Ta(K) 20 20 (Smith 1994) models are described below in detail. The resultant radiation contribution for each shock elementĖ = dL/dV integrated along the line of sight is represented in logarithmic units of erg s −1 cm −2 displayed in Fig. 1 and Fig. 3 -6 .
[O I] 630.0 nm emission
The j [O I] emission rate subtended over 4π steradians using the 6300Å photon transition emissivity production by spontaneous de-excitation λ by (Reynolds 1989 ) multiplied by emitted photon energy of corresponding wavelength results in total radiation contribution oḟ
where Ω(T) = 0.39 T 0.95 4 is the 3 P → 1 D collision strength by (Saraph 1973) for ionised medium of 0.4 < T4 <1.2 K. With T4 = T/10 4 K satisfying J-shock condition.
Hα 656.28 nm emission
We have used the 6563Å emissivity rate of Hα production line by H + and e − recombination and spontaneous de-excitation as given by (Reynolds 1989) , (Dong & Draine 2011) , resulting in total emitted line fluẋ E Hα = hv hα 1.17 × 10 −13 T −0.942−0.031 ln(T 4 ) 4 exp −14.036/T 4 nen H + (erg s −1 cm −3 ) (9) ne = 0.1n H and n H + = n H are number densities of electrons and ionised hydrogen, respectively.
[S II] 671.6 nm emission
The rate coefficient by recombination and spontaneous deexcitation resulting in optical [S II] 6716Å transition provided by (Reynolds 1989 ) coupled with corersponding photon energẏ
(10) with number density of S + ions based on an estimated relative abundance of neutral S with respect to H of [S] = 1.58 × 10 −5 provided by (Reynolds 1989) , along with tabulated logarithmic interpolation of ion fraction abundance [ Strong UV radiation at later PN stage combined with heating from H2 reformation could contribute to the [Fe II] surface brightness.
Here, we use a fixed ionisation fraction of 0.1 with n Fe + = n Fe II notation.
EMISSION MAPS
Our aim here is to identify stages of emission from shock tracers such as [Fe II] 1.64 µm and [S II] 6716Å forbidden lines, the [O I] 6300Å airglow line and Hα 6563Å emission. The simulated maps resulting from the four chosen atomic transitions are displayed consecutively in Fig. 1 , modelling the 2:1 ellipsoidal wind. A 2-D convolution Gaussian smoothing operator is applied for all models to resolve numerical errors at the forward shock with standard deviation of σ = 20 zones, and flux spread over 4σ. The above convolution setting enables observation comparison within optimum computational run time. These panels can be compared to the 4:1 ellipsoidal winds of Fig. 3 -6 at 60 • to the sky plane. The resulting emission emanate from three different compositional models that are split into the following panels: (a) a molecular wind into a uniform atomic medium (Model M2), (b) an atomic wind into a uniform molecular ambient (Model M3) and (c) an atomic wind-ambient run (Model M4). In each case of Fig. 3 -6 the wind is 4:1 ellipsoidal in velocity with an axial speed of 140 km s −1 with the axis directed at 60 • to the sky plane. The lower elipticity 140 km s −1 wind in Fig. 1 , is displayed in the plane of the sky.
Regarding Fig. 3 -6 the first remark is that the emission occurs in projected rings due to the axial symmetry. Secondly, most emission occurs in case (c) where both atomic wind and ambient media contribute. The peak emission shows a degree of variability corresponding with chemical composition. It is the two higher excitation species which show stronger peaks in Model M4. Hence, it is not only the completely atomic interface but also the more uniform advancing shell which generates stronger shock fronts than the distorted oblique shocks when molecules are involved.
The uniform ISM simulations presented here show that Model M4 displays optical emission from both the flanks and the leading bow shock: the surface brightness is much smoother. In contrast, the emission is concentrated toward the faster leading edge of the ellipsoid for all four tracers in Model M2 where only the ambient medium is atomic. The peak emission in all cases is set back from the leading edge, independent of forward/backward shock structure, serving as further evidence to suggest that the emissivity distribution is mainly determined by the source geometry, as supported by time-dependent flux animations 1 .
The integrated atomic emission for each of the four lines are displayed in Fig. 7 -Fig. 10 . The panels show the time-dependent luminosity variation with Model type, axial speed and wind ellipticity. First to note is that there is a drop in flux with increase in ellipticity. This can be expected since the advance speed along the axis is held as constant.
All computed models show a similar correlation between axial velocity and magnitude of resultant emission. The line luminosities displayed in the left-hand panels representing Model M2 all start off with an increase in flux. Clearly, the fast molecular wind is sweeping and heating up atomic ambient gas at an increasing rate. However, the wind is hindered and the speed of advance decreases. Therefore, the flux eventually falls, except for the lowexcitation lines in the low wind speed case. For Model M3 with the atomic wind, the line luminosities start high but then fall rapidly before reaching steady magnitudes. Overall, Model M3 generates a plateau of emission with time.
At later stages, the wind shows less emission from the wings and lower flux values from the cap, where the dense molecular wind impinges on atomic medium, this set up enables the wind cap to obtain lower flux values of one magnitude, relative to it's inverted counterpart, Model M3. The atomic material surrounding the wind's cap in M2 gets excited and shocked by H2 molecules in the wind, setting off emission in optical range.
The line luminosities toward the end of these runs, where the PPN has expanded to the scale of 0.1 pc, show a consistent pattern. Generally, the M4 fully atomic run generates more emission than the M2 run by a factor of 10, significantly more than one would expect from adding together the atomic wind component of M3 to the atomic ambient of M2. Hence, the production of the thick turbulent shell intensifies the energy channelled into the strong atomic lines.
SPECTROSCOPIC PROPERTIES
The radial velocity shift of spectral lines often provides the information on the third dimension for objects beyond our reach. Longslit spectroscopy can be presented as channel maps or more succinctly as Position-Velocity diagrams. Simulated optical Position-Velocity (PV) diagrams of 140 km s −1 outflows are displayed in A direct comparison of the three compositional models is displayed in Fig. 11 . This demonstrates that the models can be distinguished. The left panel shows a quite narrow line along the slit due to the relatively small acceleration of the ambient atomic gas. In contrast, if the emission is dominated by an atomic wind, as in the middle panel, then a broad line appears in the flanks where the fast wind is shocked and decelerated at the interface. The full line width in the flanks can reach 100 km s −1 .
The PV diagram in the full atomic simulation differs remarkably, consistent with the different dynamical behaviour. The right panel of Fig. 11 shows that the thickening turbulent shell generates much stronger atomic emission that is distributed far back into the flanks. The radial velocities are moderate and quite centre-filled for the wind orientation displayed. Thus, the pure atomic Model M4 (AWAA) generates higher flux densities for both the wind cap and wings of the outflow with emission being contributed by both ambient and wind.
The PV diagrams are equally interesting when the wind axis is orientated toward the line of sight. As shown in Fig. 13 for Model M2, the PV diagram is not only shifted to the blue but also spread more evenly along the axis with several notable peaks spaced out. At 60 • out of the plane, the emission is a distinct arc with the peak well behind the leading edge. The peak is now also blue-shifted relative to the leading edge.
For the atomic wind, Fig. 15 for Model M3, the blue-shift is much greater and the arc extends back to the star and across to the other side which would be superimposed on the receding lobe. In a symmetric PPN, this would appear as both blue and redshifted arcs close to the symmetry plane or mid-plane of the configuration. For the full atomic run, Fig. 17 , the PV diagram displays an arc which remains bright and strong all the way along. It should also be noted that by adding together two lobes of a double source (i.e. the full ellipsoid) would yield a distorted ellipse, rotated off-axis.
Many of the above properties are confirmed by studying the integrated line profiles, as displayed in Fig. 19 , where the solid, dotted & dashed lines correspond to the three indicated wind orientations, and the models M2, M3 & M4 are displayed from left to right. It is clear that the atomic wind can create wide lines with shifts approaching the wind speed itself. Even though the wind gets compressed and slowed when passing through the shock, the shock itself is not transverse to the wind, but highly fragmented and dis-torted into oblique components. Hence the shock-heated wind can maintain a high radial speed. This effect is not prominent in the pure atomic flow because the turbulent shell is not distinctly fragmented. Instead, the energy is channelled into lower-speed turbulence, producing a much higher peak emission, as shown in the right panel.
Finally, it can be noted that many of these properties are apparent in the 4:1 ellipsoidal wind PV and line profile diagrams but not to such an obvious degree although still recognisable. 
DISCUSSION
Near-infrared observations have broadened our knowledge of PPN in which H2 emission has been mapped and compared to the atomic emission (Fang et al. 2018a ). It has also been found that a large fraction of PN may remain undetected in the optical, requiring H2 imaging surveys (Gledhill et al. 2018) . This motivates us to explore the set of simulations in atomic emission lines. Our aim here is to search for structural similarities or differences which may be related to the principle factors of wind speed, wind ellipticity and molecular content. Other factors remain constant or uniform, although we are aware that these limit the applicability. Future simulations are intended to remove the restrictions, and take off from where these end.
There are many elliptically shaped planetary nebula that display such rough, broken shell structure, filled with fingers, globules and fragments. It is not clear that such structures could evolve from the earlier wind interaction phase simulated here. Examples include NGC 1501 (Sabbadin et al. 2000) , NGC 3132 (Monteiro et al. 2000) NGC 6751 (Clark et al. 2010) and NGC 6369 (Ramos-Larios et al. 2012 ) which present Hubble Heritage images supplemented with atomic position-velocity diagrams. However, these structures arise in the PN phase where extreme ultraviolet radiation is likely to sculpt any dense clumps into cometary shapes. However, it is difficult to resolve such fine-scale structure in PPN and we resort to lower resolution images and position-velocity diagrams in our analysis. 
Comparison of hydrodynamic wind-shell interactions
In Paper I, we demonstrated that the shocked interface of a PPN with a molecular medium will distort into corrugations which grow into protruding filaments. On the other hand, the compressed shell between two atomic media will develop into a turbulent layer that thickens and warps. To understand this difference, we now consider the shell dynamics under the various possible outflow conditions. Persistent supersonic outflows have been the subject of many hydrodynamic simulations with wide applications. The injected flows are allowed to evolve with precession, smooth pulsation and intermittent ejections often imposed or superimposed. Common geometric forms include ellipsoidal/spheroidal, partly collimated and fully channelled into jets. The simulations then follow the interaction between the outflow and the ambient medium which may consist of atomic, molecular and/or relativistic gas.
There are two critical factors which will determine the situation being simulated. The first factor is the cooling time in the shell which forms between the shocked wind and the shocked ambient medium. The second factor is the numerical resolution of the cooling layer. Simulations are often not able to resolve the layer and numerical effects rather than the physics can then determine the outcome. To ameliorate this, the simulations often presume very low densities and high speeds, so increasing the cooling length and stability. These simulations are relevant to the fast winds in the PN stage. We can identify three broad cases from the many outflow simulations, as follows.
In Case 1, the shocked gas of one of the media collapses into a very thin dense shell. The shell breaks up through dynamical instabilities, forming fingers protruding into the opposing medium. Thin-shell instabilities as uncovered in the context of planetary nebula by García-Segura et al. (1999) conform to this picture.
In Case 2, the shocked wind remains hot. A hot cavity forms which will escape through bubbles or de Laval nozzles as jets, depending on the precise configuration (Smith et al. 1981) . Thus, extremely low density winds have been shown to create hot bubbles under PN conditions (Balick 1987; Toalá & Arthur 2014) .
In Case 3, the thin shell is averted. The cooling is not effective in collapsing the gas into a thin shell because the cooling layer is thermally unstable. In this case, a thick turbulent shell forms and grows without the development of protrusions. Simulations of high resolution are necessary to resolve the compressed shell.
High resolution studies corresponding to Case 3 have been presented by van Marle & Keppens (2012) . Here, a fast wind of 2,000 km s −1 is shocked to provide a hot cavity that drives a dense shell. The shell is highly distorted and irregular without the formation of dense fingers. The advancing shock front has a speed close to 100 -200 km s −1 which falls into the range where thermal instability and dynamic overstability are present (Strickland & Blondin 1995) .
The specific case studied here corresponds to ellipsoidal winds of high mass outflow into a uniform dense ambient medium. Details are provided in Paper I. Both the wind and ambient medium will cool in a time scale significantly shorter than the dynamical time of expansion. The outflow speeds and densities correspond to those expected in protoplanetary nebula and protostellar outflows from low-mass stars.
With this simulation set-up, we are modelling the very early stages of outflow development before the fast PN wind such as simulated by Perinotto et al. (2004) ; Schönberner et al. (2005) is established. The later fast atomic winds, hot bubbles, photoionisation and radiation pressure of planetary nebulae are not simulated with the present parameters.
We thus find that the simulations presented here are consistent with previous studies. A thin collapsed shell of shocked molecular gas under PPN conditions will degenerate into a regular pattern of roughly radial filaments. On the other hand, if only atomic gas is involved, the shell degenerates into an irregular pattern containing knots and filaments within a slowly thickening turbulent layer.
Comparison to observations
The literature contains many models of planetary nebula which pertain to finding physical parameter fits to specific images. However, models based on full hydrodynamical simulations are rare and often employ resolutions which cannot adequately explore the shell stability or do not have the resolution to explore the range in temperature and density within the shell. Here, the code contains the major cooling and chemistry functions which operate between 10 K and 10 8 K. A compromise remains in the resolution of the hot atomic post-shock gas for which we approximate the ionisation and temperature structure.
The Hα 6563Å emission in Fig. 4 shows features similar to the ones computated by Velázquez et al. (2004) for the PPN Hen 3-1475 with extended bow shock wings produced by a collimated fast wind (CFW) of 400 km s −1 expanding into uniform ISM. The authors also provide results for the same model expanding into nonuniform r −2 density profile ISM producing high emission values close to the central star and seemingly less bow shock emission due to low density medium parameters at large distances away from the stellar surface.
Lower ionisation [S II] 6716 emission line from a 200 km s −1 superwind associated with the PPN CRL 618 was simulated by Velázquez et al. (2014) revealing synthetic maps with dynamic flux range of 10 3 erg s −1 cm −2 sr −1 , similar to images displayed in Fig. 5 . On the other hand, the predicted PV diagrams line flux for CRL 618 is dominated by the ejected bullets in contrast with elliptical outflow presented here.
The slightly elliptical planetary nebula NGC 1501 has been modelled as an irregular ellipsoid containing complex filamentary structure. It displays inward-pointing tails (Sabbadin et al. 2000) which suggests that this structure is formed due to Rayleigh-Taylor instabilities and wind-wind interaction. Position-velocity diagrams of Hα show a quite uniform bow-shaped shell with maximum expansion speeds of approximately 55 km s −1 . In our case, the corresponding Model M3 shows similar morphological features formed by wind-uniform ISM interaction generating the most well-defined shell structure in the simulated PV diagrams shown in Fig. 11 . However, it is evident that this nebula has evolved well past the PPN phase and other physical processes are likely to have reshaped the environment.
One can also question if ring structures such as those observed in NGC 6369 (Ramos-Larios et al. 2012 ) may be related to the ring structures uncovered here in Hα, although it is not clear that such structure would remain in three dimensional simulations and at the later PN phase. This nebula contains outward-pointing protrusions which would correspond to our Model 2 involving a molecular wind ramming into atomic material. Indeed, Ramos-Larios et al. (2012) found that the protrusions contain molecular and neutral atomic gas. This is confirmed in H2 images which display considerable molecular material interior to the shell. In addition, PV diagrams do show the distorted ellipses predicted here.
While our PV diagrams exhibit shell structures, our simulated images of 4:1 winds do not, being dominated by the fast leading bow. Thus elliptical shell structures such as for NGC 3132 do not fall into place here. One could propose that the shell has been excavated by a fast ellipsoidal wind but which has now been superseded by a spherical wind which applies a similar pressure around the shell. Or, in the later stages, photoionisation has taken over as the excitation mechanism. However, it seems most likely that the elliptical shells are associated with mildly-ellipsoidal winds in which the available shock power is not substantially different. This is also backed up by 2:1 simulations in Fig. 1 , where a clear shell structure is observed, produced by less elliptic outflows. In fact, the projected turbulent shell of NGC3132 displays an axial ratio of only about 1.25 (Monteiro et al. 2000) , consistent with both shock and photo-excitation. Interacting winds will need to be explored with a possible evolution resulting in hour-glass structure present in some post-AGB nebulae such as MyCn-18 and Frosty Leo. Additionally, an interacting wind structure implies that it is possible to set up an additional sub-volume containing a wind of varying composition included in existing models enabling to compare the effect of uniform ISM vs post-AGB winds structure on the resulting line flux, similar to research conducted by (Velázquez et al. 2004) , therefore further defining selection criteria for observational searches.
How far can these simulations of PPN be applied to PN? The major difference is in terms of size with our simulations following the expansion up to about 0.2 pc whereas PN extend beyond this typically. Nevertheless, H2 has now been detected in a large number of PN (Froebrich et al. 2015) and in almost each case (Ramos-Larios et al. 2017) . The PN at this stage appear to have evolved to either ring shaped or waist-shaped. The ring-shaped PN appear to be larger and they emit more in the H2 (Guerrero et al. 2000) . Hence, it is probable that some of the PPN are contained by a dense ambient equatorial ring, reducing shock speed and post-shock excitation; fluorescent excitation then dominates. On the other hand, where the PPN is not held back, shock excitation can still dominate within the equatorial plane.
The computed synthetic maps presented here can also be compared with optical emission models of constant and time-varying outflows of CRL 618 by Lee & Sahai (2003) where the authors run a comparison with high spatial resolution images by the Hubble Space Telescope (HST). The optical simulations of time-varying velocity model has successfully reproduced a series of optical bow-like structures also revealed in CRL 618 HST images. However, the observed optical intensity features show similar magnitude of flux present within the lobes whilst the modelled bowlike structures become progressively weaker with axial distance away from the input radius due to radiative cooling and radial expansion. As a solution, the authors propose a driving jet of constant density with increased axial distance or a less steep radial density profile, hence the observed line emission in some cases can determine the initial set of hydrodynamical parameters chosen to simulate the outflow.
There is a single, leading bow-like structure present in all our models due to constant mass outflow with the peak emission set back from the leading edge, a feature noticed by inspection of the time-dependent flux animations and also consistent with constant mass outflow model of Lee & Sahai (2003) . An achieved emission/temperature stratification is established due to cold dense outflow layer at the tip outrunning and shocking the ambient prior to the shell. High resolution simulations in this case enable mixing instabilities involving cold material at the tip to mix with the hot shell, significantly lowering the temperature.
CONCLUSIONS
We have applied a hydrodynamic code that includes molecular dissociation and reformation besides molecular and atomic cooling to study protoplanetary nebulae. In this paper, we examined atomic emission line tracers located in the optical and near-infrared bands. This supplements the molecular hydrogen analysis of Paper 1. We do not include the effects of radiation from the central star; the emission is induced after shock excitation.
These simulations provide the platform for more complex dynamical configurations of the global flow. There are two major extreme models considered in the literature. Firstly, we can envisage that the wind speed picks up abruptly, from a slow wind to fast wind (Kwok et al. 1978) , generating a fast expanding inner secondary shell which eventually hits the outer fragmented shell. Secondly, the wind could switch off completely so that there is no further ram pressure support to drive the shell (García-Segura et al. 2006) . In this case, the wind cavity is considered to be a hot bubble and the depressurised shell expands back into the cavity causing an intricate fragmented structure (Manchado et al. 2015) . Both of these cases should be explored with a molecular code in the future.
The ellipsoidal winds into uniform media investigated here produce giant bow-shaped bipolar nebula. In addition, highly ellipsoidal winds generate emission-line structures that resemble bullets. This is because the low speed of the lateral shock does not ionise the gas. Therefore, we do not generate the elongated ellipses often found as a class of planetary nebula. This is expected since such nebula, while physically created by winds, are then ionised by ultraviolet radiation from the central star. Unfortunately, PPN are quite deeply embedded and optical images remain rare. However, we do find that the later PPN (early development of the PN) phase can be interpreted here especially with position-velocity diagrams.
The predicted systematic variations may help define selection criteria for future searches. We find that the simulations with a molecular component leads to lower atomic excitation, weaker peaks and integrated atomic emission as the PPN grows. This is due to the shell fragmentation in the molecular cases where the shock surface area is increased and oblique shocks are prevalent. Position-velocity diagrams for the atomic lines indicate that the atomic-wind model may be most easy to distinguish with more emission at higher radial velocities.
Winds and jets have been considered as the drivers behind protostellar outflow, bipolar nebulae and Herbig-Haro flows. We have previously employed a similar code to investigate atomic and molecular jets into molecular environments (e.g. Rosen & Smith (2004) and Smith & Rosen (2007) ). We found that the jet-ambient impact region splits up into protrusions, creating small bullets with leading mini-bows in three dimensions. The difference between a wind and jet is as expected, with the jet impact region not extending into the flanks. Position-velocity diagrams for jet-driven flows also show a different morphology with a distinct edge of broad radial velocity followed by a trail at low radial speed (Smith et al. 2014) . This is in stark contrast to the arc structures which correspond to wind-driven flows. The arcs are caused by the direct wind impact into the flanks.
We have thus modelled the initial set-up of post-AGB environments that enable us to generate a set of spectroscopic maps that describe PPN emission features. We can investigate further by the addition of physics modules to approximate wind into wind interaction, i.e the GISW model, in 3-D space for both K-band and optical wavelengths in order to obtain higher resolution of molecular protrusions and atomic turbulent shells. This should be followed by the inclusion of frozen-in magnetic fields as well as field diffusion which may limit shell compression and shock excitation, respectively.
